The ability to remember contexts associated with aversive and rewarding experiences provides a clear adaptive advantage to animals foraging in the wild. The present experiments investigated whether hormonal signals released during feeding might enhance memory of recently experienced contextual information. Oleoylethanolamide (OEA) is an endogenous lipid mediator that is released when dietary fat enters the small intestine. OEA mediates fat-induced satiety by engaging type-␣ peroxisome proliferatoractivated receptors (PPAR-␣) in the gut and recruiting local afferents of the vagus nerve. Here we show that post-training administration of OEA in rats improves retention in the inhibitory avoidance and Morris water maze tasks. These effects are blocked by infusions of lidocaine into the nucleus tractus solitarii (NTS) and by propranolol infused into the basolateral complex of the amygdala (BLA). These findings suggest that the memory-enhancing signal generated by OEA activates the brain via afferent autonomic fibers and stimulates noradrenergic transmission in the BLA. The actions of OEA are mimicked by PPAR-␣ agonists and abolished in mutant mice lacking PPAR-␣. The results indicate that OEA, acting as a PPAR-␣ agonist, facilitates memory consolidation through noradrenergic activation of the BLA, a mechanism that is also critically involved in memory enhancement induced by emotional arousal.
fatty acid ethanolamide ͉ lipid ͉ PPAR-␣ F ood ingestion stimulates mucosal cells in the vertebrate small intestine to produce the bioactive fatty-acid amide oleoylethanolamide (OEA) (1Ϫ3), a potent endogenous agonist of type-␣ peroxisome proliferator-activated receptors (PPAR-␣) (4) . Acting as a local messenger within the gut (5), newly formed OEA stimulates enterocytes to express PPAR-␣-regulated genes involved in lipid absorption, such as fatty-acid transporters and binding proteins (4, 6) , and engages afferent fibers of the vagus nerve to delay further eating (1, 7, 8) . OEA production in enterocytes is selectively triggered by dietary fat, not protein or carbohydrate, and requires both the cellular internalization of food-derived oleic acid and the targeting of this fatty acid to the enzyme pathway responsible for OEA biosynthesis (8) . Smallintestinal OEA signaling appears to serve, therefore, as a peripheral fat-sensing mechanism that cooperates with premeal insulin release and other cephalic responses to optimize lipid use after ingestion of a fat-rich meal (8) .
The ability to remember important contextual information about food sources, including their exact location and safety of access, is clearly advantageous to animals foraging in the wild; and it has been shown that rats and magpies possess such ability (9, 10) . It is also well established that stress hormones activated by emotional arousal enhance memories of cues associated with the arousal (11, 12) . Such findings suggest that hormonal and neural signals elicited by feeding might also enhance the consolidation of recent experiences. To test this idea, in the present study we examined whether the fat-induced satiety factor OEA influences memory consolidation. Our results provide evidence that OEA enhances memory consolidation by activating noradrenergic transmission in the basolateral complex of the amygdala (BLA), a neuromodulatory mechanism that is critically implicated in the consolidation of emotional memories.
Results
OEA Enhances Memory Consolidation. We first examined whether OEA administration affects rats' retention of inhibitory avoidance training. Pretraining injections of OEA (1-10 mg⅐kg Ϫ1 , i.p., i.p.) did not change entrance latencies during training (H 3 ϭ 0.686, non-significant; data not shown), but caused a statistically detectable, albeit moderate improvement in 24 hours retention performance (Fig. 1A) . A marked dose-dependent increase in retention was also observed when OEA was administered immediately after training, a procedure that eliminates potential sensory-motor effects influencing acquisition of the task (Fig.  1B) . Memory enhancement was not induced by OEA 3h after training (Fig. 1B) , providing evidence that the compound strengthens consolidation of recent memory traces (12) . A further experiment assessed the effect of post-training OEA administration on 48 hours' retention performance of rats in the Morris water maze task. All experimental subjects were trained to swim to a hidden platform during training (F 5,22 ϭ 17.003, P Ͻ 0.0001, data not shown). Post-training OEA injections (5 mg⅐kg Ϫ1 , i.p.) increased the time rats spent in proximity of the platform location on the retention test compared with vehicle injections (Fig. 1C) . Figure 1D illustrates representative swim paths taken during probe trials by rats treated with vehicle or OEA. The findings indicate that OEA enhances memory consolidation in two cognitive tasks that involve contextual and spatial memory.
Role of Peripheral Afferents. OEA induces satiety through a peripheral mechanism that requires the sensory vagus nerve (1) . To test whether vagal afferents also contribute to the cognitive effects of OEA, we reversibly blocked neurotransmission in the NTS, the primary relay site of the afferent vagus in the brain, with the local anesthetic lidocaine. The lidocaine infusion prevented the memory-enhancing effects of post-training systemic injections of OEA (5 mg⅐kg Ϫ1 , i.p.) in the inhibitory avoidance Author contributions: P.C., B.R., V.C., J.L.M., and D.P. designed research; P.C., V.T., and J.F. performed research; G.A. contributed new reagents/analytic tools; P.C., J.L.M., and D.P. analyzed data; and P.C. and D.P. wrote the paper.
The authors declare no conflict of interest. task ( Fig. 2A) . By contrast, vehicle infusion into the NTS (Fig.  2 A) or lidocaine infusion into the cerebellum (CB) (U 10 -11 ϭ 22.500, P ϭ 0.0186; data not shown) did not alter the effect of OEA. These findings suggest that OEA strengthens memory consolidation by recruiting afferent autonomic signals that travel to the forebrain through the NTS. Consistent with this view, systemically administered OEA (10 mg⅐kg Ϫ1 , i.p.) did not enter the brain [supporting information (SI) Fig. S1 ], but elicited a marked increase in c-fos mRNA expression in the NTS (Fig. 2B) 
(1).
Role of Noradrenergic Activity in the BLA. Emotionally salient experiences activate noradrenergic projections from the NTS to the BLA, which play a crucial role in transforming such experiences into stable memories via BLA projections to other brain regions (13) . These findings suggest that blocking noradrenergic transmission in the BLA might also prevent the memory modulation induced by OEA. In support of this implication, infusions of the ␤-adrenergic antagonist propranolol, but not its vehicle, into the BLA blocked the memory-enhancing effects of posttraining administration of OEA in the inhibitory avoidance test (Fig. 2C ). These findings suggest that, similarly to adrenal catecholamines and other arousal-activated neurohormones (11, 15) OEA enhances memory consolidation by increasing noradrenergic activity in the BLA. This similarity raised the question as to whether OEA might influence cognition by eliciting a non-selective state of arousal. This is unlikely, however, because in rats OEA administration (1-10 mg⅐kg Ϫ1 , i.p.) (i) did not affect behavior in a novel open field (Fig. S2) ; (ii) did not evoke anxiety-like responses in the elevated plus-maze (Fig. S3) ; and (iii) did not increase plasma glucose and corticosterone levels (1, 14) .
PPAR-␣ Activation Mediates the Cognitive Effects of OEA.
Endogenous OEA produces satiety by activating PPAR-␣ nuclear receptors (4) in the small intestine (5). To determine whether the memory-enhancing properties of OEA also depend on PPAR-␣, we assessed the cognitive effects of this compound in PPAR-␣ Ϫ/Ϫ mice (4). Pretraining OEA injections (2.5-10 mg⅐kg Ϫ1 , i.p.) dose-dependently improved the retention performance of wildtype C57Bl6J mice in the inhibitory avoidance task (Figs. 3A, 3B), without affecting entrance latencies during training (H 3 ϭ 2.211, NS, data not shown). This effect was strikingly absent in PPAR-␣ Ϫ/Ϫ mice ( Fig. 3B ), which also did not respond to OEA during training (H 3 ϭ 1.281, NS, data not shown). We next examined, in rats, the effects of two structurally distinct PPAR-␣ agonists, GW7647 (4) (10 mg⅐kg Ϫ1 , i.p.) and (R)-1Ј-methyloleoylethanolamide (3) (25-100 mg⅐kg Ϫ1 , p.o.), on performance in the inhibitory avoidance task. Post-training administration of either agent markedly improved performance, compared with vehicle (Figs. 3C, 3D ). The effect of GW7647 was comparable to that of the same i.p. dose of OEA, which is consistent with the similar agonist potencies of these two compounds at PPAR-␣ (4). Because OEA can also activate transient receptor potential vanilloid-1 (TRPV-1) channels (15), we tested the effects of the TRPV1 antagonist capsazepine on OEA-induced memory enhancement. Capsazepine administration (10 mg⅐kg Ϫ1 , i.p.) did not affect the response to OEA in the rat inhibitory avoidance task, indicating that TRPV1 receptors are not involved in such response (Fig. S4) . Together, the results suggest that PPAR-␣ activation is both necessary and sufficient for OEA to enhance memory consolidation.
Discussion
Emotional arousal facilitates the consolidation of memory traces, an adaptive phenomenon that is primarily mediated by secretion of the adrenal stress hormones, epinephrine and cortisol, into the bloodstream (11, 12) . Circulating epinephrine does not enter the brain and is thought to initiate its memoryenhancing effects by activating ␤-adrenergic receptors located on sensory terminals of the vagus nerve. The afferent signal generated by epinephrine projects to the NTS in the brainstem, where it stimulates noradrenergic neurons that activate the BLA and other forebrain structures (13) . Norepinephrine release in the BLA is particularly critical for mediating the effects of peripheral epinephrine on memory consolidation; indeed, infusions of ␤-adrenergic receptor antagonists into the BLA block such effects, whereas infusions of ␤-adrenergic receptor agonists mimic them (12, 14, 15) .
The present results reveal striking mechanistic similarities between the memory-enhancing actions of epinephrine and those of OEA. Like epinephrine (13) , OEA increases memory consolidation by eliciting an autonomic signal that reaches the forebrain through the NTS and results in the noradrenergic activation of neurons in the BLA Accordingly, infusions of the local anesthetic lidocaine into the NTS or the ␤-adrenergic antagonist propranolol into the BLA prevent the memoryenhancing effects of both epinephrine (12) and OEA (present study). The two hormones are markedly different, however, with respect to the physiological context in which they operate. Epinephrine is released from the adrenal gland during arousal and stress, whereas OEA is produced by small-intestinal enterocytes in response to the arrival of dietary fat (8) . This suggests that salient stimuli of diverse modalities-nutritional as well as emotional-converge on the same neuromodulatory system in the brain to facilitate memory consolidation.
Despite these mechanistic commonalities, epinephrine and OEA have profoundly different consequences on behavior. Epinephrine administration can produce a behavioral state characterized by heightened anxiety and incidence of panic attacks (16) . By contrast, the present study shows that, even at doses that maximally inhibit food intake and enhance memory, OEA does not change rats' behavior in a novel open field and does evoke anxiety-like responses in the elevated plus-maze. Moreover, OEA does not increase plasma glucose levels, a typical effect of adrenergic activation, and does not evoke corticosterone release (1, 14) . This profile distinguishes OEA not only from epinephrine but also from gut-derived peptides such as cholecystokinin and psychostimulant agents such as amphetamine, the appetite-suppressing and cognitionenhancing actions of which are associated with increased arousal and anxiety (17) . Thus, peripheral signals of satiety and arousal, which are conveyed to the brain through the autonomic nervous system and the NTS, may broadly diverge within the forebrain to activate distinct sets of neural substrates. In the case of OEA, such substrates appear to include the BLA, which may be involved in mediating the memory enhancing effects of OEA (present findings) along with the paraventricular and supraoptic nuclei in the hypothalamus, which may be responsible for the anorexic actions of this compound (1) .
The evidence from the present studies that post-training administration of OEA enhanced memory of training in a water-maze, a task that assesses memory for spatial context, as well as inhibitory avoidance, an aversively motivated task for which memory of context is an essential component, strongly suggests that OEA may have a general memory-modulatory influence that is not restricted to any specific kinds of experiences associated with its endogenous release. Prior studies of the effects of adrenergic receptor agonists indicate that such treatments enhance memory of a wide variety of types of training experiences (11, 14) . Such findings, as well as the present findings, thus support the view that endogenously released modulators of memory consolidation act independently of the kinds of information associated with their activation.
Previous studies have shown that OEA is a high-affinity PPAR-␣ agonist (4) and that activation of this nuclear receptor accounts for most pharmacological actions of OEA-including prolongation of satiety (3, 4) , stimulation of lipolysis (18) , and decrease in body weight gain (4) . The present results show that PPAR-␣ is also responsible for the memory-enhancing effects of OEA, because such effects are mimicked by two distinct PPAR-␣ agonists, are absent in mutant PPAR-␣ Ϫ/Ϫ mice, and are not affected by the TRPV-1 antagonist capsazepine. Moreover, although PPAR-␣ is expressed in the central nervous system (19) , the fact that OEA does not cross the blood-brain barrier indicates that the compound acts on PPAR-␣ located in peripheral tissues. PPAR-␣ is a key regulator of lipid metabolism and is thought to serve important functions in the absorption, storage, and use of dietary fat (20) (21) (22) . Our findings broaden the functional reach of this nuclear receptor to include a previously unsuspected role in the regulation of memory, and raise questions concerning the precise cellular localization of PPAR-␣ involved in the cognitition-enhancing effects to OEA and the target genes responsible for such effects. PPAR-␣ mediates the memory-enhancing effects of OEA in the inhibitory avoidance task. Pretraining OEA administration (2.5-10 mg⅐kg Ϫ1 , i.p.) (A) improves 24-hour retention (mean Ϯ SEM) in wild-type C57BL/6J mice (H 3 ϭ 8.214, P ϭ 0.042, n ϭ 11-13), but (B) has no effect on PPAR-␣ Ϫ/Ϫ mice (H 3 ϭ 8. In conclusion, the ability of OEA to improve memory consolidation underscores the importance of metabolic peripherally acting signals in the regulation of higher brain function (23) . Such ability further suggests that pharmacological strategies aimed at mimicking or amplifying OEA signaling-including PPAR-␣ agonists or inhibitors of OEA degrading enzymesmight offer new opportunities for therapeutic intervention in cognitive disorders.
Materials and Methods
Animals. The procedures met National Institutes of Health guidelines for the care and use of laboratory animals, those of the Italian Ministry of Health (D.L. 116/92), and were approved by the local Institutional Animal Care and Use Committees. Wistar rats and C57BL/6J mice were purchased from Harlan (Italy); Sprague-Dawley rats were purchased from Charles River Laboratories (USA); PPAR-␣ Ϫ/Ϫ mice and their wild-type controls were purchased from Taconic (USA). Pellet food and tap water were available ad libitum.
Chemicals. OEA and (R)-1Ј-methyl-oleoylethanolamide were synthesized as described (3) . All other compounds were purchased from Sigma (USA).
Surgery. Rats (280 -320 g) were anesthetized with sodium pentobarbital (50 mg⅐kg Ϫ1 , i.p.) and given atropine sulfate (0.1 mg⅐kg Ϫ1 , i.p.) to maintain respiration. The skull was positioned in a stereotaxic frame (Kopf Instruments), and two stainless-steel guide cannulae (15 mm; 23 gauge) were implanted 2 mm above the NTS, the CB, or the BLA (coordinates, NTS: AP Ϫ13.3, ML Ϯ 1.0, DV Ϫ5.6; CB: AP Ϫ13.3, ML Ϯ 1.0, DV Ϫ4.0; BLA: AP Ϫ2.8 mm, ML Ϯ 5.0 mm, DV Ϫ6.5 mm) (24) . The cannulae were affixed to the skull with two anchoring screws and dental cement. Stylets (15-mm-long pins) were inserted into each cannula to maintain patency. Rats were allowed to recover 7 days before training. Cannula placements were verified by post mortem histology as described in the SI Text, Materials and Methods section and Fig. S5 .
Inhibitory Avoidance Task. The rats were handled 1 minute per day for 3 days before training on an inhibitory avoidance task. The apparatus was divided into two compartments, separated by a sliding door. The starting compartment was made of white plastic and was well lit; the shock compartment was made of dark, electrifiable metal plates and was not illuminated. Training and testing were conducted as previously described (25) . Briefly, each animal was placed in the starting compartment of the apparatus and allowed to enter the dark compartment. After the animal stepped completely into the dark compartment, the door was closed and a single, inescapable foot shock was delivered. The animal was removed from the shock compartment 15 seconds after shock termination and returned to its home cage. On the retention test, each animal was placed in the starting compartment and the latency to re-enter the dark compartment was recorded and used as the measure of retention. Longer latencies were interpreted as indicating better retention. Extensive prior evidence indicates that avoidance of the shock area is indicative of specific memory of the place where shock had been received (26) . Details on the infusion and drug administration procedures may be found in the SI Text, Materials and Methods section.
Water Maze Task. The rats were handled 1 minute per day for 3 days before training on the water maze task. The water maze was a circular tank, 1.83 m in diameter and 0.58 m in height, filled with water (26°C) to a depth of 20 cm. A transparent Perspex platform (20 ϫ 25 cm) was submerged 2.5 cm below the surface of the water in the northwest quadrant of the maze during training and could not be seen by the rats. The maze was located in a room containing several visual cues. We used a slightly modified procedure of one previously described (27) . Briefly, the rats were given a training session of six trials. On each trial, the animal was placed in the tank facing the wall at one of the six designated start positions and allowed to escape onto the hidden platform. If an animal failed to find the platform within 60 seconds, it was manually guided to the platform. The rat was allowed to remain on the platform for 15 seconds and was then placed into a holding cage for 25 seconds until the start of the next trial. The time each animal spent to reach the platform was recorded as the escape latency. OEA (5 mg⅐kg Ϫ1, i.p.) or its vehicle was administered to Sprague-Dawley rats immediately after the sixth training trial. The rats were returned to the water maze 48 hours later for a retention test consisting of a 60-second probe trial (in which the platform was removed). The parameter measured from the probe trial was the time spent in the quadrant containing the platform during training.
Open-Field and Elevated Plus Maze Tests. Open-field and elevated-plus maze experiments were conducted as previously described (28, 29) . Details on the protocols may be found in the SI Text, Materials and Methods section.
OEA Measurements. OEA (10 mg kg Ϫ1 , i.p.) or vehicle (PEG/Tween80/saline, 5:5:90) was administered to Wistar rats, and the animals were killed at various times after injections. Tissues were removed and quickly frozen in liquid N 2. Lipids were extracted and was OEA quantified by liquid chromatography/mass spectrometry (2).
In Situ Hybridization. Rats were habituated to handling and injection procedures for 5 days before the experiment. On day 6, OEA (10 mg kg Ϫ1 , i.p.) or vehicle was administered and rats were killed 60 minutes later by decapitation under anesthesia. In situ hybridization was performed using [ 35 S]-labeled antisense cRNA riboprobe for c-Fos (1).
Statistical Analyses. Inhibitory avoidance data were subjected to nonparametric analysis. Kruskal-Wallis analysis of variance was applied to evaluate the main effect of treatment, and the Mann-Whitney U test was used to assess the significance of differences between treatment groups using the Bonferroni's correction for multiple comparisons (post hoc comparisons). Water maze training data were analyzed with a one-way analysis of variance (ANOVA) with the six acquisition trials as repeated measure. Quadrant search times on the probe trial were analyzed with a two-way ANOVA. Tukey's post hoc test was performed on the treatment ϫ time interaction to determine the source of detected significances.
